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Abstract
Photonic crystals (PhCs) have recently been the focus for the developing microand nano-optical sensors, due to its capability to control and manipulate light on planar
devices. This paper presents a novel design of micro-optical pressure sensor based on 2dimensional PhC slab suspended on Si substrate. A line defect was introduced to the PhC
slab to guide and reflect light with frequency in the photonic bandgap in the plane of the
slab. The structure, with certain surface treatment, can be used in micro-scale pressure
catheters in heart ablation surgeries and other biomedical applications. The working
principle of the device is to modify light reflection in the PhC line defect waveguide by
moving a substrate vertically in the evanescent field of the PhC waveguide. Evanescent
field coupling is the critical step that affects light transmission and reflection. High
resolution Electron-beam lithography and isotropic wet etching have been used to realize
the device on the top layer of a Si-On-Insulator (SOI) wafer. The PhC slab is released by
V

isotropic wet etch of the berried oxide layer. The output reflection spectrum of the device
under different pressure conditions is simulated using 3-dimensional finite difference
time domain (FDTD) method. The result showed that when the PhC slab is close enough
to the substrate (less than 400 nm), the reflected light intensity decreases sharply when
the substrate moves towards the PhC slab. Mechanical response of the sensor is also
studied.
Photonic crystal, line defect waveguide, micro pressure sensor
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Chapter 1
Introduction
During the past decade, researchers had paid increasing attention to the
applications of nano-photonics [1, 2]. The application of Photonic crystal (PhC) in
particulars [3], light control and manipulation techniques has been widely studied. PhC is
a structure that can provide complete control over light propagation in the micron size
scale devices [4]. PhCs can be considered as an optical analogue of semiconductor
crystals [5], by replacing periodic atoms or molecules by materials with periodically
varied dielectric constant and index of refraction [6, 7]. When the materials that formed
the PhC are different enough, and the absorption of light by the materials is small, the
reflection and refraction of light from all of the various interfaces Can produce many
phenomena for photons that are analogous to the atomic potential produced for electrons
[8]. Therefore, PhCs can be designed and constructed with desired photonic bandgap
which can prevent light from propagating in certain directions with specified frequencies.
Photonic crystal structures have been used in sensing devices. One of the most
common application is pressure sensor. Photonic crystal based micro pressure sensor is
in general, very small in size, which is desirable in most of the applications, such as
biomedical instruments. Photonic crystal is also great for integration with micro
electronic circuits. In addition, the sensitivity of photonic crystal based micro pressure
1

sensor is also improved as compared to pieoresistive and capacitive micro-pressure
sensors.
In this thesis, we investigate a novel design of photonic crystal based micro
pressure sensors, design and fabricate a micro pressure sensor which is based on the
reflection mode of 2-dimensional PhC slab [9] waveguide. Force application provokes
deformation of the PhC slab, which leads to evanescent field coupling of light into the Si
substrate located adjacent to the PhC slab. The reflection mode intensity reduces
accordingly as a result of light coupling into the substrate.
Simulation based on Finite Difference Time Domain (FDTD) method is used to
analyse the structure, and the numerical results agree well with theoretical prediction.
Evanescent field coupling occurs when the distance between PhC slab and Si substrate is
less than 350 nm. Maximum sensitivity occurs at wavelength of 1593 nm, and at PhC
slab height of 180 nm.

1.1. Overview of Micro Pressure Sensor
Micro-machined pressure sensors have received a great deal of attention in recent
years [10]. The micro-machined pressure sensors are typically miniaturized versions of
their macroscopic counterparts. They incorporate a deformable diaphragm which moves
or deflects when external pressure is applied.

2

Pressure

Figure. 1.1. A schematic cross section of a typical pressure sensor diaphragm. Dotted
lines represent the undeflected diaphragm.
Assume the diaphragm is a clamped circular plate with slight deflections, the
deflection can be expressed as [11]
r ^
"fr) =

Pa

( 1. 1)

where w, r, a and P are the deflection, radial distance from the centre of the diaphragm,
diaphragm radius, and applied pressure, respectively. D is the flexural rigidity.
The most commonly seen micro-machined pressure sensor can be classified into
three types according to their working principle.
1.1.1. Piezoresistive Micro Pressure Sensor
The first type is piezoresistive micro-pressure sensor. Smith reported the
piezoresistive effect of silicon (Si) and germanium (Ge) in 1954 [12]. It was found that in
these materials, resistance changes with respect to applied pressure.

3

Piezoresistive micro-pressure sensor is made of piezoresistive materials mounted
on the diaphragm of the micro-pressure sensor. For small deflections, the resistance
change is linear with applied pressure, and therefore, sensing purposed is achieved. The
piezoresistive micro-pressure sensor was first used in biomedical and aerospace
industries [13, 14], and later, the application shifted to the automotive industry [15].
Piezoresistive pressure sensor technology evolved from metal-diaphragm with
bonded silicon strain gauges. Later, the technology was replaced by single-crystal
diaphragms with diffused piezoresistors. With the invention of ion implantation [16],
doping concentration and uniformity were improved and can be tightly controlled. As a
result, these technologies helped to reduce the size of the piezoresistive pressure sensor,
but at the cost of reduced sensitivity and reproducibility of mechanical properties.
The limitation with piezoresistive pressure sensor is that they can only be made
from materials with piezoresistive property. Therefore, such pressure sensor cannot be
built on some of the popular platforms used in semiconductor manufacturing.
The second disadvantage associated with piezoresistive pressure sensors is their
sensitive thermal response. This induces severe inaccuracy in sensing, and restricts
piezoresistive pressure sensors to be used in limited applications, where temperature is
relatively constant.
1.1.2. Capacitive Micro Pressure Sensor
Capacitive micro-pressure sensors are based on parallel plate capacitors, as shown
in Fig. 1.2.
4

Pressure

Figure. 1.2. A cross section schematic diagram of a bulk-micromachined
capacitive pressure sensor.
The capacitance C can be calculated via the following equation.
C=

7

( 1.2 )

Where e, A, and d are the permittivity of the gap, the area of the plates and the
separation of the plates, respectively. If the plates are circular, the capacitance becomes
C = If

, £ r ^rdrdd
d-w(r)

(1.3)7

Where w(r) is the deflection of the plate.
Linear response can be achieved by using bossed plate or make the sensor operate
in contact mode.
Capacitive micro-pressure sensor is in general more sensitive than piezoresistive
micro-pressure sensor. In addition, it is less sensitive to environment temperature change
[ 17].

5

However, excessive signal loss from parasitic capacitance is a serious
disadvantage, which hindered the development of miniaturized capacitive sensors.
1.1.3. Optical Micro Pressure Sensor
Fabry-Perot interferometer [18] pressure sensor is the most commonly seen
optical micro-pressure sensor. It can be mounted directly on an optical fiber. The flexible
diaphragm deflects according to applied pressure. As a consequence, the reflectance of
the sensor changes due to change in interference between the reflected light. Sensing is
achieved by measuring the reflection at the end of the fiber.

Figure 1.3. Schematic diagram of Fabry-Perot interferometry pressure sensor.
V

Optical micro-pressure sensor is very sensitive and accurate. Furthermore, the
dimension of the device is smaller as compare to piezoresistive and capacitive micro
pressure sensor. The device is also resistive to electromagnetic interference.
Fabrication of optical devices used to be challenging and expensive. However,
with the development in semiconductor fabrication technologies, fabrication is no longer
an issue. Optical micro-pressure sensors and such devices mounted on the tip of optical
fibers are available in the commercial market nowadays.

6

By applying PhC, the size of the micro pressure sensor can be further reduced.
Different types of micro pressure sensor based on PhC structure have been proposed in
literature [19-23].

1.2. Overview of Photonic Crystal
A crystal is defined as a structure in which atoms or molecules are arranged nicely
and neatly to form a unit cell. This unit cell repeats itself to form crystal. In the case that
the repetition occurs in one direction, a one-dimensional crystal is formed. If the unit cell
repeats itself in two or three directions, this will give raise to two- and three-dimensional
crystal [24], A schematic diagram of a two-dimensional grapheme crystal is shown in
Figure 1.4 below.

Figure 1.4. Two-dimensional grapheme crystal. The unit cell in grapheme is made of
honeycomb shaped lattice of carbon atoms [25]
Figure 1.5 shows a schematic diagram of three-dimensional Sodium Chloride
crystal. As can be seen in the diagram, each atom in the crystal has six adjacent atoms of
7

the opposite kind. The unit cell is formed by the center atom and the six adjacent atoms
of the opposite kind, which is labeled in the figure by the grey and green cubes.

Figure 1.5. Three-dimensional sodium chloride crystal [26]
PhC is a crystal structure formed by different materials with periodically varying
dielectric constants opposed to atomic potential in crystal materials [27], PhC can be
classified into three types according to the dimension of the dielectric constant variation,
namely, one-dimensional, two-dimensional and three-dimensional. Figure 1.3 below
shows the diagram of the three types PhC.

(a)

(b)

(c)

Figure 1.6. Schematic diagram of PhC with (a) one-dimensional, (b) two-dimensional and
(c) three-dimensional periodicity [28]
8

The PhC can be considered as an optical analogue of semiconductor crystals [29].
The theory of quantum mechanics in a periodic potential explains that electrons
propagate as waves, and when meet certain criteria can travel through a periodic potential
without scattering. In addition, the periodic structure can also prohibit the propagation of
certain waves. Energy gaps may exist in the energy band structure of the crystal, meaning
that electrons with certain energies are forbidden to propagate in certain directions. In
the case that the lattice potential is strong enough, the gap can extend to cover all possible
propagation directions, resulting in a complete band gap. For instance, a semiconductor
has a complete band gap between the valence and conduction energy bands [30].
In PhC, periodic atoms or molecules are replaced by periodic dielectric constants
and index of refraction. When the materials that formed the PhC are different enough,
and the absorption of light by the materials is small, then the refractions and reflections of
light from all of the various interfaces can produce many phenomena for photons that are
very similar to the atomic potential produced for electrons. Therefore, PhCs can be
designed and constructed with desired photonic band gaps which preventing light from
propagating in certain directions with specified frequencies [31, 32].

1.3. Motivation
As explained in the previous sections, micro pressure sensor is widely used in
many different fields. One of the major applications is in biomedical equipment and
procedures, such as implementation of micro pressure sensor with the catheter used in
atrial ablation surgery. In most of the applications, it is required that the dimension of the
pressure sensor is in the micro scale or even smaller. High sensitivity of the pressure
9

sensor is also required in such application. In addition, micro pressure sensors used in
these applications should resist to electromagnetic interference.
In this thesis, a novel structure of the micro pressure sensor built based on PhC
slab is designed and modeled. The micro pressure sensor has been fabricated on Si-onInsulator (SOI) platform and tested. The device utilises the light control and manipulation
capability of PhC to fulfill the pressure sensing purpose. Light propagates in the PhC slab
which is suspended on a Si substrate. When pressure is applied, the PhC slab deforms,
and light is coupled into the Si substrate, which in turn, change the light propagation in
the PhC slab. Sensing can be achieved by measuring the light propagating in the PhC slab.
The dimension of the structure is reduced as compare to conventional micro
pressure sensor available in market, so that it is in favor of most applications where the
size of the device is a critical criterion.
Another advantage associated with this PhC slab based micro pressure is that it is
essentially an optical pressure sensor. Therefore, it is not affected by electromagnetic
interferences and can be used in harsh environment.

1.4. Challenges
The concept of PhC was established in 1987 [1, 2], and since then, it has been
used for different applications and showed proven success in many fields. The greatest
challenge in thesis is to design the photonic crystal based micro pressure sensor in such a
way that it is suitable in catheter applications. In other words, the input and output signals
should pass through the same path to and from the device.
10

The second challenges in this thesis is developing the fabrication process of the
micro pressure sensor and its supporting optical circuit elements, such as V-groove. Vgroove is designed and fabricated to facilitie good alignment between optical fiber and
conventional waveguide in the optical circuit. The fabrication process of the V-groove on
SOI platform is complicated and hard to implement, especially for mass production in
industry.
Another difficulty remains in testing the device and measuring the output. All the
components in the optical circuits have to be well aligned in order to get good data.
However, good alignment is difficult to achieve due to the size of the fiber tip and the
cross sectional area of the waveguide. In addition, angle in the alignment also affects
measurement greatly. Adjustment of both the position and angle is a try-and-error process,
which is time consuming and there is no ways to monitor. Once the alignment is done,
the measurement setup needs to be well maintained during measurement. Disturbance
such as shaking of the table or blowing air onto the device will lead to measurement
V,

failure.

1.5. Organization of the Thesis
In this thesis, the two dimensional reflection mode PhC pressure sensor is
investigated. The design of the sensor including mechanical and optical modeling is
explained. Fabrication processes of the device and supporting optical circuit elements are
shown. Testing and measurement data are analyzed.

11

Chapter 2 of the thesis introduces the 2-D reflection mode PhC slab pressure
sensor which is been developed based on the transmission mode PhC slab pressure sensor.
Modifications are explained and advantages are highlighted.
Chapter 3 elaborates on the modeling of the sensor, including mechanical and
optical aspects. The detailed properties of the sensor are studied.
Chapter 4 explains the fabrication process of the micro pressure sensor, the Vgrooves, and alignment between conventional waveguide and PhC waveguide.
In Chapter 5, the optical measurement setup of the sensor is built, and device is
tested, data is shown and discussed.
Chapter 6 summarizes the thesis, and provides recommendations for future works.

\
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Chapter 2
Transmission Mode Photonic
Crystal Micro Pressure Sensor
As mentioned in Chapter 1, PhCs are structures, in which light scattering occurs
at the interface between materials with different dielectric constants, and destructive
interference prevents light with certain frequencies from propagating in all the directions.
Hence photons in a certain frequency range are banned in PhC [33]. They will be
completely reflected when impinging on the PhC or not allowed to propagate at all when
generated inside it. By applying PhC to micro pressure sensor, the size of device can be
\
further reduced. This chapter will examine a micro pressure sensor built based on 2
v

dimensional PhC slab. The design and working principle of the pressure sensor is
explained in detail. Using these defects, PhC can be engineered to guide and confine light
in 2 dimensional Si slab structures in the sub-micon size scales.

2.1.Defects in Photonic Crystal
Photonic crystal structure without defect is formed by periodically varying
materials with different dielectric constants, as shown in Fig. 2.1. The interferences
13

occurs at the interface between different materials, and generates a photonic bandgap,
which prevents light with certain frequencies from propagating in the structure.

•••••••••••••
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Figure 2.1. Schematic diagram of 2 D perfect photonic crystal structure
The possibility of “doping” in photonic crystal is another feature that similar to
semiconductor crystal [34], By introducing defects into photonic crystal, namely
removing or adding material, one could introduce localized states in the band gap [35, 36],
There are two important examples of defects in photonic crystal, i.e. line defect and point
defect.
V

2.1.1. Line Defect

The first case is a line defect in the photonic crystal. Consider a two-dimensional
photonic crystal slab, a line defect can be introduced to the structure by removing one
row of lattice points, as shown in Fig. 2.2. By doing so, the perfect crystal structure is
destroyed, and light with frequency in the photonic band gap is no longer banned, but
will propagate in the defect region. Therefore, a line defect in the photonic crystal is in
fact, a waveguide. It guided light with specific frequencies through the photonic crystal
structure. Light is confined in the plane of the slab by photonic band gap, and confined in
the vertical direction by total internal reflection.
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••••••••••M J
Figure 2.2. Schematic diagram of photonic crystal with a line defect
2.1.2. Point Defect
The second case is point defect. In two-dimensional photonic crystal slab, a point
defect can be conveniently created by changing the size of one or several adjacent lattice
points, or removing them from the crystal structure completely. This will destroy the
periodicity of the photonic crystal so that when light with specific frequencies is
generated inside the point defect, it will stay in the point defect and not propagate to
elsewhere in the photonic crystal [37, 38], Point defect in photonic crystal is also known
as microcavity, which traps high energy in a very small volume [39],

Figure 2.3. Schematic of the microcavity structure
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2.2. 2-D Transmission Mode PhC Slab Based Micro Pressure Sensor
A 2-D transmission mode PhC slab based micro pressure sensor was previously
designed and studied in the literature [40-42], The device is realized on a Si slab, on
which periodic air holes are etched to form the photonic crystal structure. A line defect
waveguide is introduced in the photonic crystal structure, and from previous introduction,
light with frequencies in the photonic bandgap will be confined in the line defect
waveguide in the plane of the Si slab, and will be trapped in the vertical direction by total
internal reflection.
A Si substrate is placed very close to the photonic crystal slab. When pressure is
applied, photonic crystal slab deforms as shown below in Fig. 2.4. As a result, the
distance between photonic crystal slab and the Si substrate reduces. Evanescent field
coupling occurs and sensing can be achieved by measuring the transmission intensity at
the output. The working principle of the micro pressure sensor is explained in detail in
the next section.
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1

(b)

(a)

Figure. 2.4. Schematic diagram of the (a) cross sectional view and (b) top view of the
transmission mode PhC slab based micro pressure sensor
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2.3.Working Principle
To understand the working principle of the 2-D transmission mode PhC slab
based micro pressure sensor, two key concepts are explained in this section.
2.3.1. Total Internal Reflection
From geometry optics, a ray of light travels in a uniform medium in a straight line.
When the light reaches the interface between two different materials, it will be reflected
and refracted. According to Snell’s Law,
= n2sindr (2.1)

n^inOi

When the light travels from a low refractive index material to a high refractive
index material, and the incident angle is equal to or greater than the critical angle, total
internal reflection occurs, where all the light is reflected back to the low refractive index
material, the refracted part of the light disappears. This phenomenal can be expressed
mathematically, by assuming that refracted angle become 90°. Hence we' have
n-^sindc

•• 6CL =

= n2sin90°

rii

arcsin—

The process is illustrated in Fig. 2.5.
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(2.2)

(2.3)
v

Figure 2.5. Schematic diagram of total internal reflection
The wave vector k of the incident beam can be decomposed into two components
kx and ky,

along x and y axis, respectively. The relation between the wave vector k and

its components kx and ky are expressed below.
k — kx + ky
k2 = k2 + k2
y=

^

(2.4)
(2.5)

\

Where c = 3.0 x 108m /s is the speed of light, n is the refractive index and A is
the wavelength of the incident light.

Figure 2.6. Components of the wave vector
18

When 0i = 0C,
kx = k - sindc = k ■ ^

2

c 2**! . ^ _

(2.6)
c 2n l

A2 rij

A2

__ , ,2

(2.7)

•• k2x = k12 (2.8)
Therefore, the x component of the wave vector /c equals the wave vector k' in the
second material with refractive index n2■ Since the wave vector conserves along x
direction during reflection and refraction, we have
(2.9)

kx = k'x
:.k '2 =

0

(2. 10)

The wave vector along y direction equals zero, in other words, k' is along x axis,
there is no y component of the wave vector.

v

When the input angle is great than the critical angle, dt >

6C,

from the similar

derivation, we have
ky < 0
ky is a

(2. 11)

complex number which can be expressed in the following way.
k'y = e~iyy

(2.12)

The above expression indicates that the component of the wave vector in the n2
material along y direction

k'y

decays exponentially as the distance in y direction
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increases. It means that when the conditions of total internal reflection are met, no light
can be refracted into the n2 material. However, there exists a field in the n2 material
whose intensity decays exponentially along y axis.
2.3.2. Evanescent Field Coupling
When a second piece of high n material is brought very close to the first high n
material where total internal reflection is happening, evanescent field coupling may
occurs and light will be coupled into the second piece of high n material without
propagating through the medium in between. In order for the coupling to occur, the high
n materials

must be placed close enough so that the evanescent field reaches the second

high n material with a relatively large intensity. The light then appears and travels in the
second high n material. There is no light detected in the medium that separates the two
high n mterial. This phenomenon is call evanescent field coupling [43].

By changing the distance between the two high n materials, the evanescent field
will reach the second high n material with different intensity. As a result, the power of
20

light that is coupled into the second high n material varies. In other words, the distance
between the high n materials controls the effectiveness of the evanescent field coupling.
The evanescent field coupling effect can be used for various applications. In our
device, it is applied for pressure sensing purpose. The photonic crystal slab, which is
suspended over the Si substrate, is readily deformable under the application of external
pressure.

__________

Pressure
J

3

-

__________ Si PhC

....................................................................— -.........

Si02
Si substrate

Figure 2.8. Schematic diagram of the cross section of the device under pressure
The deformation affects the distance between the PhC slab and the Si substrate.
The change in the evanescent field coupling to the substrate will result, which in turn,
varies the light propagation in the photonic crystal slab. A photon detectdr is connected to
the photonic crystal slab to measure the light output variation.
The greater the applied pressure, the more severe the deformation of the PhC slab.
Hence, the evanescent field coupling efficiency is greater, and the amount of light that is
transmitted in the PhC waveguide is reduced. As a result, external pressure is related to
the evanescent field and the light reflection.
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2.4.Conclusion
In summary, the transmission mode PhC pressure sensor based on line defect
waveguide is described. Light with frequencies within photonic bandgap is guided
through the PhC slab, and can be detected at the output. Applied pressure induces
deformation of the PhC slab. When the deformation is severe enough, evanescent field
coupling occurs, which changes the transmission at the output. Sensing is achieved by
measuring the transmitted intensity at the output.
Based on this work, a reflection mode PhC pressure sensor is built and presented
in chapter 3. The reflection mode pressure sensor inherits all the good properties from the
transmission mode device, such as the reduced size. In addition, it shows improved
sensitivity and simplifies the fabrication and measurement process of the pressure sensor.
Furthermore, it can be used in various applications.
The mechanical and optical modeling of the reflection mode PhC pressure sensor
is also shown in the next chapter. The optimum bridge dimension is found based on
mechanical simulation. Different PhC waveguide structures are modeled, in order to find
out optical sensitivity variation.
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Chapter 3
Reflection Mode Photonic Crystal
Micro Pressure Sensor
Based on the previous work on transmission PhC pressure sensor which is
presented in previous chapter, a novel type of pressure sensor is designed and presented
in this chapter. The new sensor is based on reflection from a suspended PhC instead of
transmission through it. A detailed explanation of the structure and working principle of
the sensor is provided in this chapter. In addition, mechanical and optical properties of
the pressure sensor are modeled via different means, and the corresponding
characteristics of the sensor are presented.

3.1. Design of the Reflection Mode PhC Pressure Sensor
The new pressure sensor is made in much the same way as the previous structure,
which is a 2-D PhC slab with a line defect waveguide. The configuration of the pressure
sensor and the sensitivity of the device is introduced in the following sections.
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3.1.1. C onfiguration of the Reflection M ode PhC Pressure Sensor
Fig. 3.1 shows the top view of the 2-D PhC slab. The slab is suspended over the
silicon substrate. The PhC slab is 250 nm in thickness, and has periodic air holes etched
through it to form triangular lattice. The lattice constant is 430 nm and the diameter of the
air hole is 300 nm.

Figure 3.1. Top view of the 2-D PhC slab with dimensions
The pressure sensor is realized on a Silicon-On-Insulator (SOI) wafer. The SOI
wafer has the top Si layer of 320 nm and a Burned Oxide (BOX) of 1 pm. The cross
sectional view of the structure is shown in Fig. 3.2. The area of the PhC structure is about
10 pm x 10 pm.

Si PC slab
BOX
Si substrate

Figure 3.2. Schematic diagram of the cross section of the 2-D slab phtonic crystal based
pressure sensor
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3.1.2. Sensitivity of the Reflection Mode PhC Pressure Sensor

Sensitivity of the pressure sensor consists two parts. The first part is mechanical
sensitivity, which measures how sensitive the PhC slab is with respect to applied pressure.
’mechanical

Bridge Height
Applied Pressure ( nm/MPa) (3.1)

The second part is optical sensitivity, which is defined by the percentage change
in reflectance over bridge height.
Soptical

~

Percentage Change in Reflectance (% /nm) (3.2)
Bridge Height

The overall sensitivity equals mechanical and optical sensitivity multiply together.
'total

= smechanical

*

Soptical

(3.3)

3.2. Mechanical Modeling
In this section, we are presenting the mechanical modeling of the suspended PhC
\

bridge. The dimension of the bridge has various parameters, such as shape, length and
width. However, only the parameters which do not interfere with optical response of the
device and induce the more dramatic change in response are considered. In order to find
out the most sensitive parameter, different configurations are simulated and compared.
The results are summarized in this section.
In order to save memory and simulation time, we fully use the inherent symmetry
in the structure and simulate a quarter of the bridge using finite element method. The
periodic dielectric structure is formed by creating arrays of air holes in a silicon slab of
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250 nm thick. The air holes radius is 150 nm, and form an equilateral triangle with one
another with the edge length of 430 nm.
The structure of one quarter of the bridge that is built in COMSOL [44] is drawn
below.

Figure 3.3. Basic device structure built in COMSOL
The sensitivity is defined by the displacement of the center point “o” under
applied pressure (see Fig. 3.3). The displacement of point “o” is measured under different
conditions, and summarized in the following section.

3.2.1 Various Shapes of the Bridge
Various bridge shapes and geometries can be tested as long as the optical
response of the device is not affected. In other words, the central PhC part near the line
defect has to be intact. Three shapes are examined, namely, square, circle and octagon as
depicted in Fig. 3.4. The area of the central line defect PhC part is kept constant as 25
pm . we also keep the bridge support length (legs) fixed at 10 pm.
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(c). Octagon

(b). Circle

(a). Square

Figure 3.4. Different shapes of the bridge
The total area of the sensing part is fixed at 25 pm . External pressure of IMPa is
applied to the device. The center displacement for each shape is shown in Table 3.1.

Shape

Center displacement (nm)

Square

32

Circle

31

Octagon

31.25

Table 3.1. Center displacement of device with different shape.
From the data, the difference between different shapes is small. However, the
square shape is proved to be the most sensitive, with a center displacement of 32 nm
when 1 MPa pressure is applied. Whereas the circle shape is the least sensitive, with 31
nm displacement in the center point o under pressure of 1 MPa.

3.2.2 Vary the Length of the Leg
Fixing the optical part of the bridge as 10 pm and shape of the bridge as square,
we vary the length of the leg from 4 pm to 20 pm (See Fig. 3.5)
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Figure 3.5. Membrane is fixed as square with width of 5 pm.
The center point displacement for each leg length is calculated, and the result is
plotted in Fig. 3.6.

Figure 3.6. Center displacement vs leg length
As can be seen, the center point displacement increases as the leg length increases.
This is because the longer the leg, the larger the moment, and hence the greater the
displacement. As is clear, varying the leg length is an effective way of adjusting the
sensor sensitivity.
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3.2.3

V arious C om bination of the Leg and Sensing P art Length

Figure 3.7. Membrane with leg and sensing part lengths are changed
The displacement of the center point is a function of the area of the sensing part.
In particular, the larger the area, the greater the displacement, or the more sensitive the
device is. However, this is true only when the length of the leg is fixed. If the total length
of the device (length of the leg + length of the sensing square) is fixed, increase the
length of the sensing part would reduce the leg length simultaneously. And in this case,
the displacement of the center point will no longer increase continuously with area,
because small leg length will hinder the movement of the sensing part. As a result, the
optimum ratio between sensing part length and the leg length needs to be found at which
the device’s sensitivity is the largest.
The relation is drawn in Fig. 3.8. on the next page. The total length of the
structure is fixed at 15pm, while the length of the leg increases from 2.5 pm to 12.5 pm,
the displacement of the center point first increases, then decreases. The maximum
displacement of 50.75 nm (which corresponds to the most sensitive structure) occurs at
l =

7 pm.
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60

Leg Length ( |im)
Figure 3.8. Center displacement vs. sensing part length, while total length fixed

3.3. Optical Modeling
Fig. 3.9 shows the frequency band diagram of the host hexagonal PhC which has
been calculated using plane wave expansion method. Only the portions of the band
diagram which remain under the light cone are plotted. At the selected polarization, the
wide band gap appears between normalized frequency of a/X=0.25 to a/l=0.35. So we
expect a good transmission of the line defect waveguide operating in this wavelength
span. To examine the reflection of the proposed structure, we have made a model using
finite difference time domain method. We have included the substrate in our model, and
obtained the effect of the substrate distance to the suspended PhC (bridge height) in the
transmission. In the following subsections, the details of the modeling are presented
which follows by the results and some discussions.
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Hybrid Band Structure - y-parity: even
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Figure 3.9. Band structure of the 2-D PhC.

3.3.1. Optical Modeling using FDTD Method
3.3.1.1.

Structure built in FDTD Solution
The 3-D structure built in FDTD is shown in the Fig. 3.10 below. A periodic array

of air holes is made into a 10 pm x 10 pm Si slab and form triangular lattice with lattice
constant of 430nm. The diameter of the air hole is 300nm.
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(C)

(d)

Figure 3.10. The schematic diagram of the structure built for simulation in (a) x-y plane,
(b) x-z plane, (c) y-z plane and (d) an overview of the structure in x-y-z space.
The length of the line defect waveguide in the PhC is chosen to be as long as
possible in order to increase the light path in the waveguide and hence improve the
sensitivity of the pressure sensor. In this design, the length of the waveguide is fixed to
three quarters of the total length of the PhC slab.
There are three advantages of this structure as compare to the transmission
structure. First of all, by using reflection instead of transmission, the length of light path
will increase to 1.5 time of its original value. This will enhance the evanescent field
coupling effect, which in turn, increases the sensitivity of the device. Secondly, by having
input and output at the same side of the device, the number of facet to polish is reduced
during fabrication, and the number of alignment between conventional waveguide and
PhC waveguide is reduced during measurement. Last but not least, the structure is
suitable for certain cases, where the input and output signal have to be at the same side of
the device, such as catheter based applications which are the focus of this design.
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3.3.1.2.

Simulation Parameters

i.

Boundary

Perfectly Matched Layer (PML) boundary condition is applied at all the
boundaries of the simulation region which absorb incident light with minimal reflections.
[45, 46] The PML are assigned the same impedance as the surrounding materials, and
also with an increasing absorption as you go deeper into the PML material. No reflection
would occur at the interface because of the matching of impedance. However, in practice,
the reflections from PML are not zero and result in error or inaccuracy in the simulation,
because the reflected fields will interfere with the fields in the simulation region.
Since the structure is symmetric with respect to the x-z plane, we applied the
symmetric boundary conditions at the middle of the line defect and only half of the
structure is simulated.
ii.

Source

Light source is located at the input side to inject the suitable guided mode into the
structure (usually the first mode of the selected polarization at the centre frequency of
interest).
iii.

Monitor

A monitor is added at the input side too, however, we put it at the back of the
source in order to collect high-accuracy power of reflected light within the frequency
range of interested.
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3.3.2. Results and Discussion
Three versions of structure are presented in this section. They are simply
terminated structure, terminated structure coupled to a micro cavity after one period, and
after two periods. Some design analysis will also be presented.

By adding micro cavity in the end of the line terminated line defect waveguide,
there might be a change for light coupling to occur. If coupling occurs, light will be
trapped in the micro cavity, and therefore, stays longer in the PhC structure. This will
enhance the evanescent field coupling effect and may improve the pressure sensor
sensitivity.
3.3.2.1.

Simply Terminated Structure
The FDTD model and schematic diagram of the simply terminated structure is

demonstrated in Fig. 3.11.

o o o o o o o b o o o o
o o o o o o o o o o o o
O O O O 0 0 0 0 0 0 0 0
o o o o o o o o o o o o
0 0 0 0
o o o o o o o o o o o o
o o o o o o o o o o o o
o o o o o o o o o o o o
o o o o o o o o o o o o
o o o o o o o o o o o o

Figure 3.11. FDTD model and the schematic diagram of terminated structure
For the sake of optical simulation, we represent the applied force by the distance
between the PhC slab and the Si substrate (the bridge height). The greater the pressure,
the smaller the distance becomes. The bulk substrate is initially at 1000 nm away from
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the PhC slab (or the bridge height is 1000 nm). It is then gradually moved towards the
PhC slab to simulate the evanescent field coupling effect. The reflection spectrum is
calculated for different bridge heights and the results are plotted in Fig. 3.12.

Figure. 3.12. Reflection spectrum of the device with different pressures applied
As can be seen, generally speaking, the reflection intensity decreases as the
distance between the PhC slab and the Si substrate decreases. This is due to the
evanescent field coupling. When the bridge height is small, part of the light guided in the
PhC slab will be coupled into the substrate. Furthermore, due to constructive or
destructive interference of the incident light, reflectance varies with wavelength too. As a
result, at certain wavelengths, there are local peaks and at different certain wavelengths,
there are local dips.
Fig. 3.13 shows the reflectance versus the bridge height at an arbitrary wavelength
of 1590 nm. As you can see initially when the bridge height is high (PhC slab is far from
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the Si substrate), the reflectance is at its maximum of about 90%. It is not exactly unity
because of coupling loss between the conventional waveguide and the line defect PhC
waveguide. As the bridge height decreases toward zero, the reflectance first decreases
slowly, and then dramatically and quickly approaches zero.

Figure. 3.13. Reflection vs. distance between PhC slab and Si substrate1at wavelength of
1590 nm.
The sensitivity of the device is defined as the slope of the curve in Fig. 3.13. A
short MATLAB code (See Appendix A) is generated to calculate the sensitivity of the
device for all the wavelengths in the range of interest. Fig. 3.14 shows device maximum
sensitivity for different wavelengths. As can be seen, the maximum sensitivity of 0.6% /
nm occurs at wavelength of 1593 nm. The second maximum sensitivity of 0.5875% /nm
occurs at wavelength of 1480 nm.
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Figure 3.14. Maximum sensitivity plotted over wavelength range.
At the wavelength of 1593 nm, the reflectance versus bridge height is plotted in
Fig. 3.15. The corresponding sensitivity at each bridge height is plotted too. Note that the
maximum sensitivity occurs at the bridge height of 180 nm.

Figure 3.15. Reflection vs. distance curve for wavelength of 1593 nm.
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The next property of the structure to explore is the effect of changing the length of
the terminated waveguide (by adding or removing one lattice point at the end of the line
defect PhC) on reflectance.

Figure. 3.16. Termination structure simulated with different line defect waveguide length
By either reducing or increasing the length of the waveguide by one lattice period,
the length of light path is reduced or increased by two lattice periods. The interference
between input light and reflected light will change. As can be seen in Fig. 3.17,
reflectance peaks and valley move by adding or removing holes at the termination end. In
the original structure, a local reflectance peak occurs as at wavelength of

X

= 1.47 pm

(see Fig. 3.17), when one lattice point is added to the end of the termination waveguide
(the length of the waveguide is reduced by one lattice period), a local dip occurs at
wavelength X = 1.47pm (see Fig. 3.17b). this is because when the length of waveguide is
reduced by one lattice period, namely 400 nm, the light path difference is reduced by 800
nm, which is approximately half of the wavelength. As a result, the interference profile is
totally changed as compared to the original case. If initially constructively interference
occurs between input and reflected wave, then with a half wavelength change, the
interference become destructive, and vice versa. Similarly, if the length of the terminated
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waveguide is increased by one lattice period (which makes the light path difference
increase by about half wavelength), same thing is expected to occur. However, in this
particular case, since the change in light path difference is not exactly half of the
wavelength, the reflection profile is not exactly the same in both cases (see Fig. 3.17c)
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Figure. 3.17. Reflection spectrum of the termination structure with line defect waveguide
(a), one period shorter, (b). original length and (c). one period longer
The sensitivity curves are shown in Fig. 3.18. As you can see, the sensitivity
curve shifts its position to the left when the line defect waveguide become longer. The
shift is in the same direction as in the reflection spectrum. Therefore, the wavelength is
tunable to some extent.
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Figure 3.18. Sensitivity Curves of the Terminated Structure with Different
Waveguide Length
3.3.2.2.

Terminated Structure Coupled to a Micro Cavity after One Period
A micro cavity can be added to the line defect waveguide by removing one lattice

point at the end of the line defect waveguide, or reducing the radius of the lattice point
one period after the PhC waveguide’ s end, in order to create the coupling effect [47-50].
The FDTD model and the schematic diagram of the structure shown below in Fig. 3.19.
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Figure. 3.19. FDTD model and the schematic structure of terminated structure coupled
with micro cavity
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Follow the similar simulation process, the reflection spectrum versus wavelength
for different micro cavity sizes are plotted in Fig. 3.20.

(a)

(b)
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Figure. 3.20. Reflection spectrum for the line defect waveguide coupled to a micro cavity
with radius of (a). 0, (b). 0.25 r and (c). 0.5 r
From Fig. 3.20 (a), the coupling wavelength is 1.48 pm, at which light is coupled
into the micro cavity and the reflection intensity is very low (around 10%). The structure
is, therefore, not suitable for pressure sensing purpose, because it i&very hard, if not
impossible, to differentiate that the decrease in reflection is due to evanescent field
coupling or coupling into the micro cavity.
The sensitivity curve for micro cavity structure is showed in Fig. 3.21. for the
micro cavity with radius of zero, the reflection tend is greatly improved at greater
wavelength. For instance, at wavelength of 1.59 pm, the sensitivity curve shows the
maximum value slightly less than 0.6% / nm, which is not an improvement from the
simply terminated structure without microcavity. Flowever, with the microcavity,
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sensitivity of the device is improved for wavelength greater than 1.55 pm. this is a
desirable improvement over the original structure.

Figure. 3.21. The sensitivity curve for the line defect waveguide coupled to micro
cavity with radius 0
The sensitivity curve for the micro cavity with radius 0.5a and 0.25a is shown in
Fig. 3.22 and 3.23. The trends of the curves are very similar to the original sensitivity
\

curve. The maximum sensitivity of 0.58%/nm occurs at 1.59 pm. Coupling effect is not
severe in these case, because the resonant wavelength for microcavity with radius 0.5a
and 0.25a does not fall into our interested wavelength range.
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0.6

Figure. 3.22. The sensitivity curve for the line defect waveguide coupled to micro cavity
with radius 0.5 r

Figure. 3.23. The sensitivity curve for the line defect waveguide coupled to micro cavity
with radius 0.25 r
3.3.2.3.

Terminated Structure Coupled to a Micro Cavity after Two Periods
The coupling effect is a function of distance between the cavity and the line defect

waveguide. If the cavity is too far from the line defect waveguide, coupling will not be
strong enough to be detectable. Normally for a cavity at one side of line defect waveguide,
the distance should not be greater than 3 periods for coupling to occur. However, for
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cavity at the end of the line defect waveguide (in line defect), coupling occurs at even
shorter distance.
In this section, a cavity with radius equal to half and one-third of the bulk hole
radius is added to the end of the line defect waveguide. Fig. 3.24 shows the reflectance
spectrum for the different bridge height and various microcavity hole size. As can be seen,
no obvious difference can be seen as compared to the original curve with no cavity
introduced. Therefore, cavity at 2 periods away from the end of the line defect waveguide
does not generate the coupling effect, and the size of the cavity does not affect the
sensitivity (see Fig. 3.24)

(a)
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1.01

(b)
Figure. 3.24. Reflection Spectrum of Termination Structure Coupled to a Microcavity
with radius of (a) 0.33 r and (b) 0.5 r

Figure 3.25. Sensitivity Curve for Terminated Structure Coupled to Microcavity with
Different Radius after Two Periods
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3.4. Conclusion
The simulation results of the reflection mode PhC pressure are discussed in this
chapter. Mechanical modeling for different bridge dimensions is shown and compared.
Optical modeling of different structures is also analyzed and discussed. The pressure
sensor has optical sensitivity of 0.6% / nm, and is wavelength tunable to some extent.
Adding microcavity at 1 period after the waveguide end affects the reflectance of the
device. However, adding microcavity at 2 periods after the waveguide end does not have
any effect on the reflection spectrum. The results are satisfying and consistent with
theoretical prediction.
Optical sensitivity of the reflection mode PhC based micro pressure sensor is
better than the transmission mode PhC based micro pressure sensor. By increasing the
length of light path, evanescent field coupling is enhanced, and therefore, the device is
more sensitive.
The next step was the fabrication of the pressure sensor which was carried out at
the Nano fabricate facility in the University of Western Ontario. Key steps in the process
are also introduced, and SEM image of the device is given in Chapter 4.
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Chapter 4
Fabrication Process of Photonic
Crystal Micro-Pressure Sensor
After the design and modeling of the 2-D reflection mode PhC slab based micro
pressure sensor, the next step was to fabricate the micro-pressure sensor. The fabrication
of the pressure sensor needed to be done in a cleanroom environment, which was the
Nanofabrication Facility in the University of Western Ontario. It has a controlled level of
environmental pollutants such as dust, airborne microbes, aerosol particles and chemical
vapors. The contamination is specified by the number of particles per cubic meter at a
specified particle size. Fabrication processes of the device and its supporting optical
circuit elements are studied in this chapter. SEM image of the successfully fabricated
devices are shown.
The fabrication process is divided into three parts, namely, fabrication of the
pressure sensor, fabrication of the V-groove, which is the critical element in the
supporting circuit, and alignment between conventional waveguide and PhC waveguide.
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4.1. Fabrication of the PhC Pressure Sensor
Some of the technologies used in making optical devices are similar to those used
in microelectronics semiconductor fabrication [51-53], The fabrication steps for making
the PhC pressure sensor are introduced in the following section. The key steps will be
analyzed in detail in later sections of this chapter.

4.1.1. Fabrication Process Flow
Starting with a Silicon-On-Insulator (SOI) wafer, which has a very thin top Si
layer of 250 nm and a buried oxide layer (BOX) of 1000 nm sitting on a Si substrate of
0.5 mm thick, a layer of positive photo resist Zep is coated. The pattern is then written on
the photo resist by E-beam lithography. The photo resist is developed in the developer
Zed to realize the pattern. Bosch process is applied to etch into the silicon which is
exposed without protection of the photo resist. Zep is then removed by photo resist
remover. After that, the sample is immersed in buffered HF acid to wet etch the buried
oxide and release the suspended PhC slab.

(a) Starting SOI wafer

(b) Zep is coated

(c) Exposure and development

(d) Si etch
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(e) Remove the photoresist

(e) Immerse in HF acid, etch away oxide

Figure 4.1. Schematic diagram of the fabrication process
In the above process, three steps are essential to successfully fabricate the device.
They are E-beam lithography, Bosch process (deep Si etch) and buffered HF wet etch.
These steps directly affect the device quality and function. Inappropriate manufacture
will cause inaccuracy or even device failure. Therefore, these three steps will be studied
and analyzed extensively in the next subsections.
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Figure 4.2. SEM image of the 2-D reflection Mode PhC slab based micro-pressure
sensor
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4.1.2. Key Steps Analysis
4.1.2.1.

Electron-beam Lithography
Electron beam lithography is a process that scans a focused beam of electrons on

a patterned fashion across a surface covered with photoresist. [54] The electrons break
the bonds of the polymer chain of the photoresist in the exposed region in the case when
positive photoresist is used. When the sample is developed, the short chain polymer are
dissolved, leaving the written pattern behind. As a result, very small structures (in micro
or/and even nano scale) are created in the photoresist, and will be transferred to the
substrate material by etching. Electron-beam lithography is better than optical
lithography in terms of pattern resolution. This is because of the shorter wavelength
possessed by the 10 to 50 keV electrons it employs [55],

Figure 4.3. Structure drawn in the CAD program provided by NPGS
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Nanometer Pattern Generation System (NPGS) is a program that controls the
SEM electron beam. The pattern is first drawn in a CAD program provided with NPGS,
then it is run in order to specify parameters that NPGS uses to calculate the location of
each dot in the pattern and for how long it is exposed.
Dotted lines in the structure are always closed, because all the area enclosed by
the dotted lines is exposed to the electron beam. The solid lines are used as marks such as
the little circle and the # number to indicate the orientation of the structure.
The different color in the structure represents different exposure time. The
exposure time in each region is set based on experience in the very beginning. Dose test
is then, carried out to adjust the exposure time and find the final values that give the most
accurate structure.
The final device with dimensions extremely close to the desired value is shown
below. Its corresponding exposure time will be used for the real device fabrication.

Figure 4.4. The most accurate structure developed in the dose test
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4.I.2.2.

Bosch Process for Deep Etching into Silicon
The Bosch Inc. developed the Bosch process and patented it for deep Si etch. It

utilizes the property that Si etches isotropically in CF4, the steps are as follows.
1. Coating the surface with polymer form in the plasma from the C4 F 8 gas. This
layer of polymer serves as a passivation material that protect the side wall of the
Si trench from being etched.
2. The C4 F 8 gas is turned off and SF6 is let into the chamber. The SFg plasma etches
....
..
\ ...
the polymer in the bottom of the trench, then the Si below the polymer. The SF 6
—■ ■ etch of Si is isotropic. The polymer on the walls will not be etched because that
would require both radicals and ions.
3. The single cycle will etch 0.5 to 1 pm. This cycle is repeated until the deep,
vertical etch profiles has been achieved. [57, 58]
The diagram below illustrates the Bosch process.
\

Figure 4.5. Profile o f a deep Reactive Ion Etched trench using Bosch process [56]

The profile, etch rate and .selectivity to the mask material are all controlled by
adjusting the etch step efficiency, the deposition step efficiency or the ratio of times of
the two steps. The process is relatively insensitive to the exact nature of the photoresist,
to the extent that it does not need hard baking of the resist prior to etching. In fact, it is
best to avoid high temperature backs of resist, as this causes variation in the resist profile.
Another advantage of the Bosch process is that it produces smooth sidewalls for
the Si trench with high aspect ratio. The process requires precise gas control and
\
. switching, quick RF matching and fast response pressure control.
4.1.2.3. Critical Point Drying after Wet Etch
After dry etch, the sample is immersed in Buffered Hydrofluoric (BHF) acid to
selectively remove the BOX layer. This is an isotropic wet etch process, hence the etch
rate is the same in all.directions. Once the BOX is completely dissolved in the etchant,
the etching process stops, and the sample needs to be taking opt from the etchant and
dried [59]. ,

'

\

I' \ ' > '
Drying the sample directly in the air by evaporation will damage the structure by i
\

causing the membrane to collapse. The membrane is subject to a large force while the
liquid evaporates due to surface tension. One way to reduce the surface tension is using a
liquid with a lower surface tension to air, such as acetone instead of water. However, the
surface tension can be further reduced to zero using a technique known as critical point
drying.
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The critical point denotes the temperature and pressure conditions at which
distinct liquid and gas phases do not exist. It is the point where liquid change to vapor
without change of density and without surface tension effects witch distort the structure.
The choice of liquid is severely limited and CO2 is most widely used today. It has
a critical point of 35°C and 1,200 p.s.i. Since liquid CO2 is not sufficiently miscible with
water, it is necessary to use acetone as intermediate fluid. When the critical point is
reached, the liquid CO2 changes to gas without any abrupt change in state. The membrane
\

structure is protected from damaging.

4.2. V-groove Fabrication
Once the device is successfully fabricated, the next task is to build the outside
optical circuit which .would guide light signal into the device from input sources and out
of the device to the measurement equipment. The optical circuit that consists of
waveguide and V-grooves is as critical as the device itself. Without the optical circuit, the
device alone does not function for any application purpose.

V
\

4.2.1. Purpose of the V-groove
The V-groove in the outside optical circuit is always open at one end and connects
to a waveguide at the other end. It is used as a window to mound optical fibers. The tip of
the fiber will sit in the V-groove slot, and its position can be adjusted carefully to couple
light into the waveguide at the end of the V-groove. Once light is coupled into the
waveguide, the optical fiber can be glued to the sample so that the position is fixed.
Without the V-groove, the optical fiber can hardly be fixed with respect to the sample and
slight mismatch between the optical fiber tip and the waveguide will cause inefficient
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coupling or even coupling failure. A schematic diagram of the configuration is drawn
below.

Figure 4.6. Schematic diagram of the V-groove with an optical fiber mounted on it
The cross section view of the V-groove and the optical fiber mounted on it is
shown in the figure below. From this diagram, the opening and depth of the V-groove can
be calculated and designed.

Figure 4.7. Cross sectional view of the V-groove with optical fiber mounted
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In order to achieve better coupling between the optical fiber and the waveguide,
the center of the optical fiber needs to be located in the plane of the waveguide, which is
at the top Si layer. As indicated in the diagram, the V-groove trench has an angle of
70.52°. This is the angle from by the {100} and {110} plane that KOH solution
1
■•
:
..
.
r
selectively etches. Hence, the depth of the V-groove in the Si substrate is
h

R
sind

(4.1)

The radius of the optical fiber is typically 62.5 mm. Hence h 107.10 mm.
d=

2 x h x tand = 2 x 107.10 x tan35.26 = 151.44 mm

4.2.2. Fabrication Process Flow
The fabrication of the V-groove is a relatively complex process. The main steps
are summarized in this section.
i

4.2.2.1.
i.

'n

Gold Deposition on Alignment Marks Through Lift-off Process
V
A clean SOI wafer is cut into 1 inch by 1 inch square pieces,
and cleaned in

Nanostrip.
(

ii.

The sample is then coated with HMDS for better adhesion with photoresist.

iii.

Lift-off resist is coated on the sample.

iv.

Positive photoresist is coated on the sample.

v.

Alignment marks are exposed, and samples are developed.

vi.

Samples are then developed again for the Lift-off resist.

vii.

Samples are descumed in STS RIE machine to remove the residues at the

•t

bottom of the pattern.
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viii.

10 nm Cr is deposited as adhesive material and 100 nm Au is deposited
using E-beam evaporation technique.

ix.

Samples are put into Remover PG to remove the lift-off photoresist and
Shipley to obtain gold alignment marks.

(a)

(b)

(a). Lift-off resist and Shipley coated on the sample; (b) Shipley is developed in MF 319;
(c). Lift-off resist is developed in MF 319; (d). Pattern is clean after descum; (e).
Metallization and (f). Lift-off process
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The image of the gold alignment marks under microscope is shown in Fig. 4.14.

4.2.2.2.
x.

Deposition of Silicon Nitride as a Hard Mask, Photolithography for V-grooves
STS PECVD was used to deposit silicon nitride on top of silicon wafer in a
clean chamber.

xi.

The samples were cleaned in Nanostrip.

xii.

The sample is then coated with HMDS for better adhesion with photoresist.

xiii.

The samples were coated with positive photoresist followed by hard bake.

xiv.

V-grooves were exposed, and the samples were developed.
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(C)

Figure 4.10. Fabrication process of (a). Nitride deposition, (b). Shipley coated on
the sample, and (c). V-groove pattern developed in photoresist
4.2.2.3.

Etch nitride over V-grooves

xv.

The samples were dry etched in STS RIE machine to remove the nitride
and Si layer.

xvi.

The samples were immersed into Buffered HF acid to etch the SiC>2 . The
etch rate of Buffered HF on SiC>2 is shown in Appendix.

(a)

(b)

Figure 4.11. Fabrication process of (a). Dry etch through nitride and Si layer, and
(b). Oxide layer is etched by Buffered HF acid
4.2.2.4.

KOH etch of V-grooves and removing nitride layer.

xvii.

The samples were attached to Double side polished nitride wafer and
immersed in KOH solution. Since KOH solution etches Si anisotropically
as mentioned before, V-shape grooves will be opened as desired.
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xviii.

The samples were put in heated Phosphoric acid to remove the nitride.

KOH etching, and (b).V-grooves with nitride removed

The image of the V-grooves is shown in Figure 4.22 below.

(a)

(b)

Figure 4.13. Image of the V-grooves under microscope focus at (a), bottom of grooves,
and (b). top of the grooves
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Figure 4.14. SEM image of the V-groove

4.2.3. Key steps Analysis
The V-groove fabrication process has been repeated for lots of times in order to
get the perfect structure. Difficulties were met and the process was modified according to
,
the outcome.

\

Normally, chromium (Cr) is used to provide good adhesion metal between Si
sample and gold (Au) for alignment marks. However, it is etched by phosphoric acid in
the end of the process. Therefore, we chose to use titanium (Ti) in instead in the process.
Reactive ion etching (RIE) process utilizes chemically reactive plasma to remove
material deposited on the sample. The plasma is produced by a large frequency
electromagnetic field which ionizes the gas molecules. Theoretically, this is an
anisotropic etch process where the etch rate in vertical direction is largely greater than the
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etch rate in horizontal direction. However, in practice, the uniformity of the etching is not
very good, and the etch rate in vertical direction varies from location to location on the
sample surface. In order to monitor the sample surface uniformity after etching,
ellipsometer is used read thickness of several locations on the sample.

4.3. Fabrication of Conventional Waveguides
4.3.1. Alignment Between Conventional Waveguide and PhC Waveguide
Conventional waveguides are then etched on the sample to connect the PhC and
optical fiber which is mounted on the V-grooves. The alignment between the
conventional waveguide and the PhC pressure sensor bridge (the part circled in Fig. 4.16)
is crucial, as misalignment greater than half micron will lead to discontinuity of the
optical path, and thus, device failure.

Figure 4.15. Schematic diagram of the complete device with V-grooves connected to PhC
pressure sensor by conventional waveguides
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Figure 4.16. Image of the alignment between conventional waveguide and the PhC
pressure sensor bridge taken under microscope
The conventional waveguides etched on the Si is formed by two trenches. The
separation in between is 730 nm, which indicates the width of the conventional
waveguides. The trenches can be easily produced by deep Si etch.
A set of alignment marks is etched with the conventional waveguides, in order to
ensure more accurate alignment with PhC. As shown in Fig. 4.28, the smaller alignment
marks are etched into the Si and perfectly aligned with the conventional waveguides. This
set of alignment marks will be used during E-beam lithography to align PhCs devices.
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Figure 4.16. Image of the conventional waveguide and the alignment marks etched into
Si under microscope

4.3.2. Focuses Ion Beam (FIB) Etching Process
FIB etching process is used to polish the facet of the conventional waveguide, in
order to guarantee a good coupling of light in to the structure. The unpolished facets are
very non-uniform, and scatter light in all the directions.

^

FIB is a technique developed recently and used widely in semiconductor and
materials science fields [60]. It possesses lots of useful functions, such as site-specific
analysis [61], deposition [62], ablation of materials [63] and so on. An FIB setup is very
similar to a scanning electron microscope (SEM). The difference is that the SEM utlizes a
focused beam of electrons to image the sample in the chamber, whereas focused beam of
ions are used in FIB setup. The focused beam of ions are usually gallium (Ga+), which
can be operated at low beam currents for imagining, or high beam currents for site
specific sputtering or milling.
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Another different function from SEM is that FIB is inherently destructive to the
specimen. When the high-energy Ga ions strike the sample, they will sputter atoms from
the surface. Because of the sputtering capability, the FIB is used as a micro-machining
tool, to modify or machine materials at the micro- and nanoscales. FIB micro machining
has become a broad field of its own, the common smallest beam size is 2.5-6 nm.
FIB tools are designed to etch or machine surfaces, an ideal FIB might machine
away one atom layer without any disruption of the atoms in the next layer, or any residual
\

disruptions above the surface.

)
This is exactly the feature needed in our fabrication process. Once the PhC micro
.

pressure sensor is realized on the SOI platform, and well aligned with the conventional
waveguide, the facet of the conventional waveguide needs to be polished by this process.
The surface to be polished is the cross section of the conventional waveguide made of the
top Si Layer with height of 250 nm and width of 3 pm. The purpose to make this surface
polished is to ensure good coupling of light into the structure.

'v

4.4. Conclusion

n

Fabrication of the pressure sensor is relatively straight forward, and successful
r
'
device with desired properties is achieved. However, to generate the V-groove on the SOI
wafer was complicated. The difficulty still remains in avoiding the over etch of the top Si
layer, which still has low yield. Another achievement in this fabrication was the good
alignment between conventional waveguide and PhC waveguide. This reduces the loss in
optical circuit, and improves efficiency of the pressure sensor.
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Next chapter will focus on optical measurement of the fabricated device.
Measurement setup will be introduced and data will be presented and discussed.
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Chapter 5
Optical Measurement
;

Characterizing the device performance consists two parts. The first part is
mechanical measurement, which is needed to characterize the pressure response of the
device with deflection. In other words, the deformation of the membrane under different
forces can be determined and the equivalent spring constant of the membrane can be
calculated accordingly. The second part is the optical measurement, which involves laser
light injection within the wavelength of interest through the conventional waveguide and
into the PhC pressure sensor. Output light intensity is measured via photo-detector, and
used to calculate for power spectrum of the device!'Variation in power spectrum in the
end, will be related to the applied pressure. :
I

Mechanical measurement has been done by previous students in the group. The
results showed that the stiffness constant in the middle of the bridge is 1.4 m/N, and the
overall sensitivity is 0.046%/MPa.
The mechanical stiffness constant of the transmission structure measured before
can be direction used for the reflection structure, because the SOI samples are the same in
both case. However, the optical sensitivity needs to be measured for each case and
compare.
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In this chapter, a detailed explanation of optical measurement will be given and
measurement data will be analyzed.
Optical measurement is an essential part in evaluating performance of the device.
It involves inputting laser light with proper wavelength range to the device and
measuring the output light intensity. Coupling light from optical fiber into the
conventional waveguide is a key step in the measurement process. In addition, for a
reflection mode device, the input and output light both pass through one fiber and the
signals needed to be separated. This was achieved by connecting a circulator to the
optical circuit.

5.1. Measurement Setup
A schematic diagram of the measurement setup is shown in Fig. 5.1. All the fiber
and connectors are cleaned and checked with fiber microscope for defects before use.
For the transmission structure, input laser light is guided through optical fibers
V

and coupled to PhC waveguide. The transmitted light from the PhC device is coupled
again into optical fiber at the output side, and guided to photo-detector.

(a)
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Figure 5.1. Schematic diagram of the measurement setup for (a) Transmission structure,
and (b) Reflection structure
In the case of reflection structure, an input laser light is connected to a circulator,
which in turn connects to an optical fiber. Input light is guided through the conventional
waveguide and reaches the PhC device. It is then, reflected back by the PhC waveguide
and travels backwards through the same path. The output light passes through the
circulator and gets separated from the input light. A photo detector is connected in the
end of the circuit to take the readings and record done the values..
V

5.2. Alignment

In order to couple maximum laser light into the conventional waveguide, and
hence, the device, optical fiber must be perfectly aligned with the conventional
waveguide. The alignment is a critical procedure in measurement. Good alignment
ensures the device under test to be measured properly, whereas poor alignment results in
wrong measurement data.
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In our measurement, two important steps are carried out to guarantee good
alignment between optical fiber and the die. They are polarization alignment and
mechanical alignment, described in details in the following subsections.
5.2.1. Polarization Alignment
Polarization maintaining fiber is used in the measurement. It is aligned with and
couple light to a lense which collimates the incident light to a polar-meter. By adjusting
the alignment between the polarization maintaining fiber and the lense, the power of the
light reaches the polar-meter can be maximized. The polar-meter shows the polarization
of the input light. By rotating the polarization maintaining fiber, we could get the desired
polarization. The schematic diagram of the set up is drawn in Fig. 5.2.

Collimated light

Polarization
Maintaining Fiber

V

Figure 5.2. Polarization adjustment setup
5.2.2. Fiber & Conventional Waveguide Alignment
The coupling of light into conventional waveguide can only be achieved if the
alignment between optical fiber and the conventional waveguide is very good and reliable.
Misalignment results in energy loss. Perfect alignment means that the optical fiber and
the conventional waveguide must be in one straight line as illustrated in Fig. 5.3.
Displacement shift in x, y or z direction, and angles in the 3-dimensional space are not
accepted.
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Figure 5.3.Alignment between optical fiber and conventional waveguide
The sample sits on a holder labeled in Fig. 5.4. The optical fiber was fixed on a
mechanical stage, which makes the position of the fiber free to move in the x, y and z
directions and all the angles in three dimensions.

Sample
Mechanical
Stage

Figure 5.4. Picture of the mechanical stage used in optical measurements
A microscope is used to monitor the alignment from the top of the setup. The
microscope utilizes a lense of 20X, which ensures that both the fiber tip and the
conventional waveguide facet are seen at the same time. Perfect alignment is impossible
in practice. However, by adjusting the optical fiber using the mechanical stage, alignment
achieved is fairly good for testing and measurement.
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5.3. Apparatus
Additional apparatus are required in order to measure the optical response of the
pressure sensor. The essential apparatus used in the measurement are a tapered lensed
fiber, which focus light into very small spot, and an optical circulator, which
differentiates reflected light from incident light. These apparatus are discussed in the
following sub-sections.
5.3.1. Tapered Lensed Fiber
The coupling efficiency between optical fiber and the conventional waveguide is
in general, very small. Consider an ordinary single mode optical fiber with core diameter
of 8 pm and field size of 10 pm at 1550 nm. Our conventional waveguide cross section at
the edge of the die is depicted in Fig. 5.5.
A ir ,
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Figure 5.5. Cross section of conventional waveguide at the edge of the die
With the waveguide cross section depicted in Fig. 5.5 and based on simple Beam
Propagation Method (BPM) analysis, the coupling loss with a conventional single mode
fiber at wavelength of 1550nm under perfect alignment is about 12 dB.
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The coupling efficiency = ~ ~ = 1.71%
For optical fibers with core diameter greater than 8 pm, the coupling efficiency
will be even smaller.
In order to maximize the coupling efficiency between the optical fiber and
conventional waveguide, a tapered lensed fiber is used (see Fig. 5.6). The one that we
used has a spot diameter at the focal point 2.5 pm. the working distance is 14 pm. Using
the same method (BPM) and under perfect alignment conditions, the coupling loss now is
about 4 dB.
0.7S
Coupling efficiency = 4.91
= 15.27%.

Spot Diameter
Fiber with Acrylate coating

Working Distance
Figure 5.6. Schematic diagram of the tapered lensed fiber
5.3.2. Circulator
Optical circulator is a non-reciprocal device which has at least three ports (see Fig.
5.7). Light is guided through the circulator from one port to the next. For instance, light
enters the first port will come out dominantly from the second port, while light that enters
the second port will come out mainly from the third port, and so on, so forth. The
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insertion loss of the device is 0.66 dB from port 1 to port 2, and 0.63 dB from port 2 to
port 3. Basically the light follows the direction of the arrow. The light that passes on the
other direction specified by the arrow is unwanted and is called isolation, the loss is 50
dB from port 2 to port 1, and 51 dB from port 3 to port 2.
This specific behavior solves the issue of differentiating the output reflected light
beam from input light beam in our optical measurement setup.

Figure 5.7. Circuit symbol of optical circulator
Fig. 5.8 shows the main idea of our setup. A polarization maintaining fiber
V

connects laser input into port 1 of the circulator. The input light exits from port 2 which
connects to the tapered lensed fiber. The laser beam passing through the lensed fiber and
gets coupled into the conventional waveguide on the device. The light then enters the
PhC waveguide and gets reflected back. The reflected beam travels through the same path,
till it reaches port 2 of the circulator. The reflected light beam, comes out at port 3, which
is connected to the photo-detector. Hence the output light beam is separated from the
input light, and gets measured at the end.
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Figure 5.8. Light beam path in the measurement circuit

5.4. Measurement data
Light signals were sent through the optical circuit, and reflected or transmitted
output was measured via the photo detector. In this section, we first tried to quantize
different sourse of loss, and then, the optical response of the transmission and reflection
devices were measured.
5.4.1. Loss per Connection

V

Before testing the actual device, different parameters that affect overall response
had to be characterized. One important parameter in this optical circuit is the power loss
per fiber connection. In this experiment, output power at the first and the second fiber end
are measured and compared. The results of power loss per connection is plotted in Fig.
5.9.
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4 .5 -i

Figure 5.9. Output power vs. input power
The x axis is the input laser light power, and y axis shows the corresponding
output power measured by the powermeter. The measurement data is shown in Appendix
D. The average loss per connection is calculated as -0.582 dB.
5.4.2. Fiber to Fiber Coupling Efficiency

V

The second parameter to be determined in this measurement setup is fiber to fiber
coupling efficiency. To measure this value, tow tapered lensed fibers are placed tip to tip,
and aligned in a straight line. The distance between the two fibers’ tips is double of the
working distance. Input laser power is changed, and output power is measured
accordingly, and plotted in Fig. 5.10.
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Figure 5.10. Fiber to fiber coupling efficiency
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In Fig. 5.10, x axis plots the input laser power from 0 to 15 mW, and y axis plots

;

the corresponding output power at the end of the fiber read by the powermeter. As can be
/
seen in Fig. 5.10, the fiber to fiber coupling efficiency curve is a straight line pass

5

;

;

through zero. The slope of the curve represents the fiber to fiber coupling efficiency,
which equals 18.5 dB (1.417%)

\

5.4.3. Transmission Efficiency

\

Before measuring transmission power through our PhC structure, the transmission
power through our reference conventional waveguide is measured. For wavelength of
x.

i

1540 nm, the output power is 2.021 pW for the input power of 5 mW. Therefore, the
overall transmission efficiency is -34 dB (0.0404%). Facet quality is a major uncertainty
for using this reference. Considering perfect facet and perfect alignments, the propagation
loss estimation is
(

34 - 2 x 4 - 2 x 0.6 « 24.8 dB
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The loss budget of the optical circuit is shown in Table 5.1.
Name

Loss (dB)

Number

Total Loss(dB)

Connector

0.6

2

1.2

Circulator

0.6

0.6

1.2

Propagation

24.8

1

24.8

Coupling

4

2

8

Table 5.1. Loss budget of the optical circuit
This loss can be reduced using cryo-etching instead of Bosch process etching that
produce scalloped shape side wall. Since the trench is wide and shallow in both the
conventional waveguides and in PhC structures, the scalloped shape side wall causes a lot
scattering losses.
The output power of the transmission structure is then measured over the
wavelength range of 1460 nm to 1610 nm. The normalized transmission efficiency
spectrum is plotted in Fig. 5.11.
.

.
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Figure 5; 11. Normalized transmission efficiency spectrum
From the above graph, one can find that transmission efficiency changes with
respect to wavelength. In addition, the measured transmission efficiency possesses some
similarities with the simulated spectrum, which is shown in Figured. 12.
The measured spectrum shows a similar trend to the simulation result. However, it
v

\

is shifted towards right, so that the band edge is not captured in the measured wavelength
range. This shift most probably stems from the uncertainty in fabricated PhC dimensions.

k
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Figure 5.12. Simulated PhC Bandgap diagram after normalization
The overall loss for the transmission structure is 32.62 dB. As can be seen, the
transmission efficiency is better than reference which may be due to the facet quality or
other fabrication uncertainty.

:,

5.4.4. Reflection Efficiency

y

The reflected output power of the structure is measured over the wavelength range
of 1460 nm to 1610 nm. The normalized reflection spectrum is plotted in Figure 5.13.
\

The reflection intensity is higher than the transmission, because reflection not
only occurs at the PhC device, but also at the edge of die. The peak reflection occurs at
wavelength of 1555 nm, very near to the wavelength at which the pressure sensor
designed to work.

*:

82

1460

1480

1500

1520

1540

1560

1580

1600

Wavelength (nm)

Figure 5.13. Normalized Reflection Spectrum
In Fig. 5.13, reflection power is normalized to the maximum value in the
spectrum. The overall reflection loss from the structure is 29.09 dB.

5.5. Conclusion
\
In this chapter we introduced the measurement setup and apertures used to
\

characterize our PhC device. The loss per connection is 0.582 dB, and fiber to fiber tip
coupling efficiency is 18.5 dB.
Both transmission and reflection structures are tested. The measured transmission
efficiency possesses some similarities with the simulated spectrum, transmission loss was
32.62 dB. Reflection efficiency is higher than transmission efficiency, because of
reflection from the edge of the die. The overall reflection loss was 29.09 dB.
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The next Chapter will summarize the whole thesis, and give some
recommendation for future work.

Chapter 6
Conclusion
This chapter summarizes the work been done on the 2-D reflection mode PhC
slab based micro pressure sensor, including the design, mechanical and optical modeling,
fabrication and measurement.

5

6.1. Conclusion

\

PhC with a line defect waveguide traps light in the plane of the slab by PhC
bandgap effect, and in the vertical direction by total internal reflection.
As explained in
's,
chapter 2, when Si substrate moves into the evanescent field of the PJiC slab, coupling
occurs and changes the transmission and reflection in the light defect waveguide.
Therefore, by measuring the transmission and reflection at the end of the line defect
waveguide, applied pressure can be determined. A micro-pressure sensor has been
-I

designed based on the principle. <
Mechanical and optical modelings are discussed in chapter 3. Mechanical
modeling of the device showed that the PhC slab is most sensitive to pressure in the
square shape. In addition, the sensitivity of the membrane increases with increasing
bridge length and membrane area. Optical modeling showed that the device is most
85

/

sensitive at wavelength 1593 nm, and the maximum optical sensitivity achieved is
0.6%/nm. Other structures, such as line defect waveguide coupled to micro cavity with
various sizes are also simulated. The reflection spectrum changes due to the change in the
PhC structure. However, the sensitivity of the device is not improved by adopting such
modification. In addition, line defect waveguide with various lengths are also simulated,
and the result showed that the sensor is tunable to some extent.
Fabrication is done in University of Western Ontario’s Nanofacility Fabrication.
Lots of techniques, such as E-beam lithography, critical point drying, reactive ion etching,
deposition, FIB etching and so on-are used and reviewed in chapter 4. Detailed process
flow is given.
The optical circuit is tested, and loss at different connection is measured. At each
connection between fibers, the average loss is -0.58dB. Loss at fiber to fiber coupling is 18.5dB. The transmission structure has a loss of -32.62dB,: whereas the reflection
\
structure has a loss of -29dB.
\

6.2. Recommendation for Future Work

\

The 2-D reflection mode PhC slab based micro-pressure sensor has been
successfully fabricated, yet the fabrication of V-groove, a critical supporting element in
the optical circuit, is not perfect. The fabrication process can be improved in future.
Alternative solutions can also be developed and implemented to the circuit, such as
grating coupling or thinning.
FIB etching is a good method to polish the facet of the conventional waveguide.
However, the process is very time consuming and costly. Cleaving process is much fast
86

and less expensive. It is commercially available in the industry. It is definitely a good
choice if mess production of the PhC slab based micro-pressure sensor is desired.
Optical measurement showed transmission and reflection spectrum of the device
with no pressure applied. Future work can be focused on optical measurement with
pressure applied by Atomic Force Microscope (AFM). Transmission and reflection
spectrums of the devices under pressure can be plotted, and the sensor can be calibrated
accordingly.

c

\
\

A
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Appendix A: MatLab Code for
Calculating Sensitivity Curve
clear

all

h = [ 0 , 5 0 , 1 0 0 , 1 5 0 , 2 0 0 , 2 5 0 , 3 0 0 , 3 5 0 , 4 0 0 , 5 0 0 , 6 0 0 , 70 0 , 8 0 0 , 9 0 0 , 1 0 0

0];
Q. :

O

load

■ •

t e r m in a t io n _s u b _5 0 .t x t

l=term inatio n_sub_5 0 ( : , 1);
t ( : , 1 ) = z e r o s ( s i z e (1 ( : , 1 ) ) ) ;

% .'I',:.:.-"

t ( : , 2)=term ination_sub_50 ( : , 2 );
O.

o

load

term in ation _su b_100. txt

t ( : f 3 ) = t e r m i n a t i o n _ s u b __100 ( : , 2 ) ;
Q,

*0

load

'

■ .

>
'

'

'

term in ation _su b _150. txt

t ( : , 4 ) = t e r m i n a t i o n _ s u b __150 ( : , 2 ) ;

o,
"o

load

t e r m in a t io n _s u b _200.t x t

t ( : , 5)=term ination_sub_200( : , 2);

*5
Q,

load

term in atio n _su b _250• txt

t ( : , 6) =term in atio n _jsu b_250 ( : , 2 ) ;
Q.
°

load

N

t e r m in a t io n _s u b _300.t x t

^

t ( : , 7)=term ination_sub_300( : , 2);
O.
* '

0

load

t e r m in a t io n _s u b _350.t x t

t ( : , 8) =term ination_sub_350( : , 2);
o.
o

load

t e r m in a t io n _s u b _400.t x t

t ( : , 9 ) ==term ination_sub_400 ( : , 2 ) ;
o .

o

load

t e r m in a t io n _s u b _500.t x t

t ( : , 10) =te rm in a tio n _su b _500( : , 2 );

%
load

t e r m in a t io n _s u b _600.t x t

t ( : , 11) = te rm in a tio n _su b _600( : , 2 );

%
load

^

term ination

sub

700.t x t
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'

k
'

r
t ( : , 12)= te rm in a tio n _su b _700( :, 2 ) ;

Q.
"O

■

load

'

-

■ * -

t e r m in a t io n _s u b _800.t x t

11 ( : , 1 3 ) = t e r m i n a t i o n _ s u b _ 8 0 0 ( : , 2 ) ;

ì

%
load

t e r m in a t io n _s u b _ 900.t x t

t ( : , 14)= te rm in a tio n _su b _900( : , 2 );

%
load

t e r m in a t io n _ s u b _ 1000.t x t

t ( : , 15)=te rm in a tio n _su b _1000( : , 2 );

%
t = a b s (t) ;

,. •

.

; -

:

h t e s t = l i n s p a c e (0, 1000, 2000) ;
f o r , i-

1:

l e n g t h (1 )

_

x x = s p l i n e (h , [0 , t ( i , : ) , 0 ]) ;
X ( i , : ) = p p v al (xx, h t e s t ) ;

_
^

y ( i , : ) = fn v a l (f n d e r (x x ,1) , h t e s t );
:

[S(i), I]=max(y(i,:));
h_opt(i)= h te st(I);
i

j

end

.

,•

■■

p l o t y y ( 1 (2 5 : 2 8 0 ) , S (25 : 2 8 0 ) * 1 0 0 , 1 (25 : 2 8 0 ) , h _ o p t ( 2 5 : 2 8 0 ) )

r

i

Appendix B: STSRIE Machine Dry
Etch Rate
The STSRIE machine is used to etch materials. It is an anisotropic etch process
where the etch rate in vertical direction is largely greater than the etch rate in horizontal
direction. In addition, it forms perfectly straight walls around the pattern, without any
undercuts or overcuts formed. Therefore, this dry etch technique is widely used in
microelectronics fabrication.
The conditions under which the etch process conducts are set as shown in Table
B-l.
Chamber process pressure 60 mTorr
RF forward power
o2
cf4

100

watts

5 seem

\

25 seem

Table B -l. RIE etching process conditions
Under these conditions, the etch rate for different materials varies greatly. The
figure below shows the etch rate for Si3N4, Si and photoresist Shipley 1827 respectively.
The best linear fit was used to plot the line.
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Figure B-l.'RIE machine etch rate for Si3N4, Si and Shipley
-J

From the plot, the etch rates are:
'

^ ■

Material

Etch rate (nm/min)

Si3N4

300

Si

1671

Si02

40

Shipley

80

Table B-2.STS RIE etch rate on various materials.
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Appendix C: Buffered HF Etch Rate
Buffered HF, also known as buffered oxide etch, is most commonly used for wet etch
oxide. It contains buffering agent, such as ammonium fluoride (NH4 F), and hydrofluoric
acid (HF). High concentration HF acid etches oxide too quickly to control the process
precisely. Buffered HF has a moderate oxide etch rate, hence it is good for process
control. The concentration of the buffered HF acid in the NanoFab in UWO is:
Furthermore, buffered HF acid etching is an isotropic process. Oxide is etched in all
directions at the same rate.
The etch rates for oxide and nitride are measured and the data is shown in the following
figure.

Figure C-l. Buffered HF acid etch rate for oxide and nitride

From the plot, the etch rates are:
Materials Etch rate (nm/min)
Si02

107

Si3N4

22

Table C-l.Buffered HF acid etch rate on Oxide and Nitride.
\

V
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Appendix D: Loss per Connection
Input Laser Pow er /m W

Output at 1st Fiber

Output at 2 nd Fiber End

L oss Per Connection

End /m W

/m W

/dB

1

0.42

0.358

-0.694

1.5

0.632

0.55

-0.604

2

0.84

0.737 ,

-0.568

2.5

1.048

0.926

-0.538

3

1.25

1.112

-0.508

3.5

. 1.442

1.289

-0/487

4

1.645

1.461

-0.515

4.5

1.84

1.636

-0.510

5

2.058

1.804

-0.572

5.5

2.3

1.972

-0.668

6

2.425

2.143

-0.537

6.5

; 2.633

2.307

2.89

2.48

-0.664

7.5

3.04

2.65

-0.596

8

3.31

2.823

-0.691

8.5

3.425

9

3.632

3.174

-0.585

9.5

3.82

3.364

-0.554

10

4.094

3.548

-0.622

: 7

J -

:

2.997

"

■

Table D-l. Raw date for loss per connection
The average loss per connection is -0.582 dB.
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-0.574

-0.580

